III-nitride semiconductors have applications for high power lasers, 1,2 light-emitting diodes for solid state lighting, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] power transistors, 13 and solar cells. [14] [15] [16] [17] The requirement of high power density and increasing device integration [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] lead to the demand for solid state thermoelectric cooling technology. 18, 19 The availability of latticematched III-nitride alloy with high thermoelectric figure of merit, which can be integrated with GaN device technology, will have tremendous impact for active thermal cooling of nitride-based high-power devices operating at hightemperature. III-nitride alloys have shown promising results for thermoelectric applications, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] in particular for materials based on GaN, [25] [26] [27] InN, 21, 22, 24 AlGaN, 28 and InGaN 29, 30 alloys. However, the studies of AlInN alloy as thermoelectric material have been limited to amorphous material prepared by reactive radio frequency ͑rf͒ sputtering. [20] [21] [22] [23] In this work, we present the growths and thermoelectric characterizations of n-type Al 0.83 In 0.17 N grown on GaN/ sapphire substrate. All samples were grown by metal organic chemical vapor deposition ͑MOCVD͒. The thermoelectric properties obtained from the measurements include thermal conductivity ͑͒, electrical conductivity ͑͒, Seebeck coefficient ͑S͒, and thermoelectric figure of merits ͑Z ‫ء‬ T͒. The growths of the GaN template and AlInN alloys were performed by using vertical-type MOCVD reactor. The group III precursors were TMIn and TMAl. The group V precursor and n-dopant were pure NH 3 and dilute SiH 4 , respectively. Purified H 2 was used as carrier gas in the growth of u-GaN, while the growths of AlInN alloy employed N 2 carrier gas. The growths of 2.8 m u-GaN templates on sapphire were performed by using low temperature GaN buffer, followed by etch-back and recovery process, and then followed by the high temperature growth ͑T g = 1080°C͒.
The growths of lattice-matched n-Al 0.83 In 0.17 N alloy were carried out at a growth temperature of 780°C, growth pressure of 20 Torr, rotation speed of 1500 rpm, and V/III molar ratio of 9300. The growth rate of the AlInN material was measured as 2.5 nm/min, and the thickness of the AlInN film is 200 nm. The lattice constant of AlInN epilayer was measured by x-ray diffraction, and the In-content was measured as 17%. The detail of the growths for AlInN by MOCVD is described in Ref. 31 .
The thermal conductivity of AlInN film was measured by using the 3 differential method, which is similar to the approach in Refs. 29, 30, and 35-37. Two samples were prepared for the thermal conductivity measurement as follows: ͑1͒ GaN ͑2.8 m͒ grown on sapphire ͑430 m͒ as reference, and ͑2͒ n-type Al 0.83 In 0.17 N ͑200 nm͒ grown on GaN ͑2.8 m͒ / sapphire ͑430 m͒. A 200 nm SiO 2 electrical insulating layer was deposited on these samples by plasma-enhanced chemical vapor deposition, and the metal heater contacts of 20 nm Ti/130 nm Au were deposited by using electron beam evaporator.
Figures 1͑a͒ and 1͑b͒ show the schematic and microscope image, respectively, of the four-probe 3 measurement set up for the AlInN and GaN samples. In our experiment, a digital lock-in amplifier SR830 was used to supply the driving ac current ͑I ͒ with sweeping frequency and collect the voltage ͑V ͒ as well as the third harmonic voltage ͑V 3 ͒ of the metal stripe. A digital multimeter HP 34401A was used to measure the current in order to obtain the metal heater resistance. All measurements were performed at room temperature. The 3 measurement setup was calibrated by measuring the thermal conductivities of sapphire and SiO 2 using slope [32] [33] [34] and differential [35] [36] [37] methods. The thermal conductivities of sapphire and SiO 2 ͑T = 300 K͒ were obtained as 41 W/͑m K͒ and 1.1 W/͑m K͒, respectively, in good agreement with reported values. 36, 38 Figure 2 shows the measured voltage V and in-phase V 3 of ͑a͒ the undoped GaN reference sample and ͑b͒ the lattice-matched Al 0.83 In 0.17 N sample at 300 K. The sweeping frequency of the driving current ͑ / 2͒ ranged from 100 to 1000 Hz, which ensured the thermal penetration depth to be larger than the thickness of thin film while smaller than the thickness of the substrate. The temperature oscillation ampli- and other nitride-based ternary alloys, such as InGaN ͑Refs. 29 and 39͒ and AlGaN. 28, 39, 40 This finding confirms that alloy scattering in ternary alloy is the dominant factor of phonon scattering that lowers the thermal conductivity significantly from the binary alloys, 39, 40 which in turn leads to significant increase in Z ‫ء‬ T value for ternary III-Nitride material. 40 The and electron mobility of 290 cm 2 / ͑V s͒. The sheet resistivity of lattice-matched Al 0.83 In 0.17 N was measured as 210 ⍀ / sq using Van der Pauw scheme, and its electrical conductivity was measured as 2.38ϫ 10 4 / ͑⍀ m͒. The thermal gradient method was used to determine the Seebeck coefficient, similar to the approach in Refs. 29 and 30. When a temperature gradient was created in the sample, as illustrated in Fig. 4͑a͒ , both the voltage difference and temperature difference were measured. A hotplate was used to create the high temperature. Two type K thermocouples were attached to the top surface of AlInN via indium ͑In͒ metal to measure temperature difference. The Seebeck voltage was collected from the positive chromel electrodes of the thermocouples at the same time. Figure 4͑b͒ plots the measured Seebeck voltage as a function of the temperature difference. The total Seebeck coefficient of AlInN and chromel electrodes combined was calculated as −⌬V / ⌬T, which was measured as −6.24ϫ 10 −4 V / K. The Seebeck coefficient of chromel at room temperature ͑21.5 V / K͒ ͑Ref. 41͒ was compensated to yield the absolute Seebeck coefficient of Al 0.83 In 0.17 N as −6.025ϫ 10 −4 V / K. The power factor P = S 2 achieved here was 0.864 ϫ 10 −2 W / ͑m K 2 ͒. Then the dimensionless thermoelectric figure of merit Z ‫ء‬ T = P / ϫ T of n-Al 0.83 In 0.17 N has a value of 0.532 at room temperature ͑T = 300 K͒. The results showed that the lattice-matched AlInN alloy grown by MOCVD as excellent thermoelectric candidate for efficient thermoelectric power generation and thermal cooling, which can be fully integrated with III-nitride device technology.
In comparison with MOCVD-grown InGaN ͑Refs. 29 and 30͒ with similar carrier concentration, the latticematched n-AlInN exhibits higher Seebeck coefficient and higher electrical conductivity which results in higher power factor. The higher electrical conductivity for same carrier concentration indicates higher mobility, which is due to the improvement of material quality. The higher Seebeck coefficient suggests larger relaxation time of carriers 39 which is the result of better crystalline quality as well. Even though the lattice-matched AlInN shows increased Seebeck coefficient and electrical conductivity, the thermal conductivity of MOCVD-grown AlInN remains comparable with amorphous AlInN deposited by rf sputtering. The use of crystalline MOCVD-grown AlInN results in higher power factor and low thermal conductivity, which in turn leads to a much higher thermoelectric figure of merit Z ‫ء‬ T of 0.532 at room temperature in comparison to those measured for rf sputtered AlInN ͑Z ‫ء‬ T = 0.005, T = 300 K͒ ͑Ref. 21͒ and MOCVDgrown InGaN ͑Z ‫ء‬ T = 0.08, T = 300 K͒. 29 The Z ‫ء‬ T value at room temperature for lattice-matched AlInN was measured as significantly higher than the simulated results reported for AlGaN alloys ͑Z ‫ء‬ T = 0.015, T = 300 K͒. 
